A systematic literature review and metaanalysis of minimal residual disease as a prognostic indicator in adult B-cell acute lymphoblastic leukemia
for patients with Ph-positive disease in particular, outcomes with standard combination chemotherapy are poor. 3 The tyrosine kinase inhibitors imatinib, dasatinib, nilotinib, and ponatinib have shown efficacy in patients with Ph-positive disease, and there are some preliminary suggestions that they may also be efficacious in selected subsets of Ph-negative ALL. [6] [7] [8] Moreover, several targeted therapies have been developed for patients with B-ALL, such as the antibody-based therapies rituximab, inotuzumab ozogamicin and blinatumomab, these latter demonstrating greater effectiveness than salvage chemotherapy in the very high-risk setting of relapsed/refractory ALL, including both Ph-positive and Ph-negative patients. [9] [10] [11] The introduction of targeted therapies, alongside advances in diagnostic procedures, have improved outcomes for patients with B-ALL. 12, 13 However, despite a substantial proportion (74% to 91%) of patients achieving complete remission (CR), one-third or more will eventually relapse because of the presence of submicroscopic levels of leukemic cells in the bone marrow. [14] [15] [16] [17] [18] The presence of these remaining cancer cells is known as minimal residual disease (MRD; alternatively termed 'measurable residual disease').
MRD is increasingly being used in clinical practice as an independent prognostic marker for the duration of CR and long-term outcomes in patients with ALL, and for informing treatment decisions. [19] [20] [21] [22] The European Society for Medical Oncology (ESMO) and National Comprehensive Cancer Network clinical practice guidelines for adult patients with ALL recommend the quantification of MRD whenever possible, 6, 23, 24 but it is not yet clear whether MRD status alone is sufficient to predict prognosis, or whether it should be combined with other parameters, such as patient-related (e.g., age) or disease-related (e.g., cytogenetics) risk factors. In drug development, MRD response has been considered as an early marker of efficacy in clinical studies, with potential use as a surrogate endpoint in registration studies for accelerated drug approval. 25, 26 A full understanding of the prognostic significance of MRD is needed to guide its use across this broad range of settings.
A large number of studies have shown that achievement of MRD-negative status correlates positively with CR duration, reduced risk of relapse, and HSCT success. 22, 27 The use of MRD testing is individualized within a given study protocol, and hence there is wide variation in the test method used, the timing and sensitivity of MRD assessment, the characteristics of the patients, and the treatments used before and after MRD was assessed. We conducted a systematic review to capture the evidence supporting the clinical significance of MRD on clinical outcomes and used this evidence to inform a meta-analysis with the aim of quantifying the impact of MRD status on relapse-free survival (RFS) and overall survival (OS). A recent meta-analysis suggested that event-free survival and OS were almost always better in patients with ALL who were MRD negative than in those who were MRD positive. 28 This meta-analysis included studies in children and adults, and in B-cell and T-cell phenotypes. Our metaanalysis focused on adult patients with B-ALL and includes 23 studies, 18 of which were not in the previous meta-analysis, which enabled us to explore the impact of MRD status within clinically important subgroups in this population.
Methods

Systematic literature review
Evidence base
We systematically reviewed published studies according to a prespecified protocol, using a process compliant with the 2009 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 29 PubMed and Embase databases were searched (Online Supplementary Table S1 ) for studies in humans published in English between 1 January, 1995 and 1 March, 2016. Additional searches were conducted for congress proceedings [American Society of Clinical Oncology (ASCO), American Society of Hematology (ASH), European Hematology Association (EHA), and ESMO] published between 2012 and 2016.
Screening and data extraction
Titles or abstracts identified from the initial searches were evaluated against the prespecified inclusion criteria (Online Supplementary Methods). The full texts were obtained for all studies deemed eligible, and for studies whose eligibility was unclear during the title/abstract screening. The full texts were independently screened by two reviewers to confirm which studies should be included. Any discrepancies were resolved by a third reviewer. Data extraction is described in the Online Supplementary Methods.
Meta-analysis
Evidence base
Studies identified from the systematic literature review were excluded from the meta-analysis if RFS was not reported separately for patients who were MRD-negative and MRD-positive in status, or if insufficient data were reported to calculate a hazard ratio according to the methods outlined in Tierney et al. 30 For studies that included patients with B-ALL and T-cell ALL (T-ALL), hazard ratios were calculated only for the patients with B-ALL, if it was possible to do so.
Outcomes
The primary outcome was RFS -alternatively termed diseasefree, event-free or leukemia-free survival in some publications. In studies that provided RFS definitions, RFS was mostly measured from CR until relapse or death. Other studies that provided a definition measured RFS from HSCT [31] [32] [33] or from the start of treatment. [34] [35] [36] For the purposes of the meta-analysis, we used the measure of RFS as provided in each study publication. The primary analysis set was based on studies that reported RFS according to MRD status. The secondary outcome was OS, determined from those studies in the primary analysis set that also reported OS according to MRD status.
Statistical analysis
The analysis of hazard ratios used unadjusted measures of treatment effect, where available. Meta-analysis was performed using the random effects model. 37, 38 Heterogeneity between studies was assessed statistically using the I 2 and Cochran Q tests. 39, 40 Metaregression was performed to investigate the relationships between covariates (Ph status, median follow-up time, MRD cut-off sensitivity threshold, post-MRD treatment, disease stage, sex and age) and study-level hazard ratios. 38
Results
Search results
The systematic literature search identified 1,899 records (1,252 full papers and 647 congress abstracts) for title and abstract screening. An additional four full papers were included that were not identified during the systematic literature searches, giving a total of 1,903 records ( Figure 1 ). Following screening of the title and abstract of each record, 278 records were included in the full text screen. Finally, 33 full papers and 21 congress abstracts were covered in the systematic review; these included 8,820 patients with B-ALL, 5,979 of whom had available MRD data. The study and patients' characteristics, together with clinical outcomes, are summarized in Online Supplementary Tables S2-S7 . In total, 32 records (23 full texts and 9 congress abstracts) were eligible for the meta-analysis; of these, 23 records were included in the primary analysis set; the remaining papers were excluded because either the study populations overlapped with another, more recent, publication, and there were no unique data for inclusion in the meta-analysis, or inconsistencies in data reporting meant that it was not possible to calculate hazard ratios. A list of studies identified in the systematic review but not included in the meta-analysis, with reasons, is provided in Online Supplementary Table S8 . Europe or East Asia, and almost all studies prospectively assessed MRD; only two studies included patients exclusively in second CR (CR2) or later, and the rest were in patients in first CR (CR1) at the time of MRD assessment (of these, three studies included a minority of patients in CR2 or later in combination with patients in CR1, and these were categorized as CR1 for the purposes of the meta-analysis). Approximately half were in Ph-positive patients (n=11), and these patients had typically received chemotherapy plus a tyrosine kinase inhibitor before their MRD assessment (Online Supplementary Table S2 ). Most patients with Ph-negative ALL received chemotherapy, with or without targeted agents. As mentioned, there were only two studies in which all patients were in CR2 or later, and these patients had received treatment with blinatumomab or inotuzumab ozogamicin, with or without chemotherapy, before MRD was assessed. 36, 43 Two studies, in Ph-positive patients, examined the impact of MRD status following transplantation. 35, 52 Treatment received after MRD assessment varied across, and within, the studies; in most studies (n=14), pooled survival outcomes were reported for the mix of post-MRD treatments (targeted therapy, chemotherapy and HSCT) ( Table 1) . Six studies reported outcomes separately for patients who received an HSCT after their MRD assessment; a further two studies reported outcomes separately for post-MRD treatment with a targeted agent.
Minimal residual disease assessment methodology and timing
MRD was most commonly assessed at a central laboratory (n=10); other studies used a local reference laboratory (n=7) or did not specify whether centralized assessment was performed (n=6). A range of methodologies were used to assess MRD, although most (n=17) were polymerase chain reaction (PCR) based ( Table 1 ). All but one of the studies of patients with Ph-negative ALL used PCRbased methodologies; three specified that they looked for immunoglobulin or T-cell receptor gene rearrangements (Online Supplementary Tables S2 and S3 ). The remaining study used multiparameter flow cytometry (Online Supplementary Table S2 ). For patients who had Ph-positive ALL, all studies (n=11) used BCR-ABL as a marker of MRD; most (n=9) used real-time quantitative PCR, one study used molecular testing and one study used fluorescent in-situ hybridization. The most commonly used sensitivity limit was 1 in 10 4 cells for all methodologies, and sensitivities of 1 in 10 5 cells were only reported for PCRbased detection in studies of patients with Ph-positive status ( Table 1 ). The three studies that included patients with mixed Ph status or did not report Ph status all used multiparameter flow cytometry (22%) (Online Supplementary  Tables S2 and S3 ). The number of colors used ranged from three to eight, and no trends in the number of colors used were observed over time in the studies.
MRD measurements were generally taken within 3 months of induction treatment (n=14) (Online Supplementary Tables S2 and S3 ).
Clinical outcomes according to minimal residual disease status
Relapse-free survival Figure 2 shows the meta-analysis results for the 23 studies included in the primary analysis. The overall results show improved RFS for patients who achieved MRD negativity [random effects hazard ratio (HR)=2.34; 95% con-fidence interval (CI): 1.91-2.86], and the effect was seen consistently across all studies.
The I 2 value was 59%, indicating moderate-to-high heterogeneity between the studies in the primary analysis. This effect was anticipated given the known variations between studies in the design, patients' characteristics and treatments received. For this reason, a predefined set of subgroups was examined to explore whether MRD negativity had a consistent effect in important subgroups of patients.
All subgroups showed an improved RFS in patients who achieved MRD negativity; no significant differential subgroup effects were observed (Figure 3 ). Although it should be noted that for some subgroups there were very few studies available, which contributed to overlapping confidence intervals, some trends were seen. The prognostic value of MRD appeared stronger in patients who received chemotherapy than in those who received targeted therapy before MRD assessment (HR=2.98; 95% CI: 2.12-4.20 and HR=0.90; 95% CI: 1.53-2.36, respectively), but the confidence intervals overlap. The subgroup that received HSCT before MRD assessment has a hazard ratio of 5.19 (95% CI: 1.95-13.8), but it should be noted that this is based on one study, and the confidence intervals are very wide. The prognostic value of MRD also seemed to be stronger in patients who received chemotherapy after their MRD assessment (HR=6.52; 95% CI: 2.43-17.5) than in those who received HSCT after MRD assessment (HR=1.73; 95% CI: 1.27-2.37), but again it should be noted that the data for chemotherapy after MRD assessment are from only one study.
The subgroup analysis was repeated separately according to Ph status and timing of MRD assessment (Online Supplementary Figures S1 and S2) . There was no difference in RFS improvement for patients who achieved MRD negativity between studies in the Ph-positive (HR=2.04; 95% CI: 1.53-2.73) and Ph-negative (HR=2.46; 95% CI: 2.02-2.98) groups. Hazard ratios in all subgroups favored MRD negativity, regardless of Ph status, with no apparent difference between Ph-positive and Ph-negative cases in any subgroup (Online Supplementary Figure S1 ). Similarly, there was no difference in RFS improvement for patients who achieved MRD negativity at early timepoints (within 3 months from induction: HR=2.60; 95% CI: 2.05-3.31) and later timepoints (more than 3 months from induction: HR=2.23; 95% CI: 1.67-2.97). Hazard ratios were more favorable in most subgroups at the early MRD timepoint compared with the later MRD timepoint group, but the subgroup confidence intervals overlapped between the early and later MRD timepoints (Online Supplementary Figure S2 ).
Overall survival
The meta-analysis results for the 14 studies included in the secondary (OS) analysis are summarized in Figure 4 . The overall results show improved OS for patients who achieved MRD negativity (HR=2.19; 95% CI: 1.63-2.94). Individually, the results were consistently in favor of MRD negativity across all the studies with the exception of that by Bachanova et al., 31 who reported a hazard ratio of 0.94, but with a confidence interval that crossed the null value (95% CI: 0.65-1.35). Four other studies also had confidence intervals that crossed the null value. 36, 43, 44, 56 The I 2 value was greater for the OS analysis (67%) than for the RFS analysis (59%), again confirming the extent of the heterogeneity in the studies in terms of design, populations and treatment protocols. Reassuringly, a predefined analysis of key subgroups of interest showed a consistent improvement in OS in patients who achieved MRD negativity ( Figure 5 ). As for RFS, no significant differential subgroup effects were seen. The prognostic value of MRD appeared to be greater in patients who received HSCT before MRD assessment (HR=8.02; 95% CI: 2.32-27.7) than those assessed after chemotherapy (HR=3.01; 95% CI: 2.08-4.37) or targeted therapy only (HR=1.65; 95% CI: 1. 24-2.20) . The prognostic value of MRD was less notable in patients who received HSCT treatment after MRD assessment (HR=1.24; 95% CI: 0.86-1.78) than those who received alternative interventions (HR=2.50; 95% CI: 1.88-3.33). As for RFS, the number of studies in some subgroups was small, and many of the confidence intervals overlapped.
Meta-regression
Meta-regression was explored to further investigate the heterogeneity between studies. The analysis was limited by the small number of studies that provided information for certain covariates (i.e. those used to define the subgroups), and for this reason we focused on RFS for which more studies were available. Heterogeneity remained even after adjustment for almost all covariates, as reflected by a significant within-group Q-statistic (Qw) (Online Supplementary Table S9 ). The exception was risk group; however, interpretation of the relevance of this covariate is limited by its inclusion in only three studies.
Of note, the Tierney method 30 used to calculate the hazard ratio for each study had no significant effect on the treatment difference.
Discussion
This systematic review and meta-analysis found that in adults with B-ALL, achieving MRD negativity was consistently associated with better survival outcomes than those of patients with MRD-positive status. In addition, the benefit of achieving MRD negativity was evident in all the subgroups that we examined, highlighting its relevance for assessing prognosis and measuring treatment efficacy. There were some preliminary indications that MRD status may have a greater effect on outcomes in certain patient subgroups than in others. These data should be interpreted with caution, since no significant differential subgroup effects were seen, and most of the confidence intervals overlapped. Our data build upon evidence from a recent meta-analysis of patients with B-ALL or T-ALL by Berry et al. that showed hazard ratios for event-free survival and OS almost uniformly favor MRD negativity, and that this effect is retained within each of the subgroups. 28 The hazard ratio effect size appears slightly larger than in our meta-analysis, which could reflect differences in the studies included or the different analysis approach that was used (with a Bayesian rather than a random effects model). There was only partial overlap in studies between the two meta-analyses, with five studies included in both, 20, 33, [46] [47] [48] meaning that our study adds 18 studies and 2,245 patients to the combined evidence base. Only one of the adult studies in the analysis by Berry et al. was identified as concerning B-ALL, 48 but our efforts to extract data from the B-ALL populations wherever possible allowed us to conduct subgroup analyses specific for this phenotype with 19 studies of RFS and 12 studies of OS. Similarly, we calculated outcomes according to Ph status for a larger number of studies (20 vs. 8 in Berry et al.) , enabling a more robust subgroup analysis and allowing further subgroup analyses to be conducted within each cytogenetic category. The lack of overlap between the two meta-analyses was likely due to differences in eligibility criteria: our study allowed for a larger range of methods to calculate hazard ratios (as described in Tierney et al. 30 ), only excluding studies with small patient numbers if MRD was examined retrospectively, and included congress abstracts. Our study focused on a narrower population than that of Berry et al., but a high degree of heterogeneity remained; this highlights the limitations of conducting meta-analyses according to MRD status and should encourage future research using pooled analysis of patient-level data.
In general, MRD evaluations are conducted in two different scenarios. The first is in patients who achieve mor-phological remission after receiving induction therapy, at the time of remission evaluation or shortly after, to evaluate the quality of the response. The second scenario is to use MRD monitoring as a predictor for pending relapse. We examined subgroups according to the timing of MRD assessment, either before or after 3 months from starting induction, or before or after HSCT. MRD assessments up to 3 months from induction were generally taken during or at the end of induction treatment -i.e. before consolidation or intensification therapy -and this subgroup therefore falls into the first scenario. In our analysis, there was little difference in the relative effect of MRD assessed at 3 months or later, and four studies that evaluated outcomes from multiple MRD timepoints showed a beneficial effect of MRD negativity at both earlier and later timepoints. Furthermore, subgroup analysis of RFS according to the timing of MRD assessment showed that there was no difference in RFS improvement for patients who achieved MRD negativity at early timepoints compared to those who achieved it at later timepoints. Measurement of MRD after HSCT may also fall into the second scenario, and the apparently large impact of MRD on RFS and OS in the post-HSCT subgroup may reflect the strong predictive ability of MRD to detect relapse in this setting.
Nevertheless, the timing of MRD measurement is an important consideration if the technique is to be used to support treatment decisions, and evidence exists to support early MRD testing. For example, in a study conducted in the USA that enrolled patients with Ph-negative B-ALL or T-ALL, MRD levels as early as 28 days following the initiation of induction therapy were used to predict out-Meta-analysis of the impact of MRD in adult B-ALL haematologica | 2019; 104(10) 2035 comes. 57 In another study assessing patients with Ph-negative B-ALL or T-ALL, an early MRD response (day 11) was associated with the best prognosis. 58 In addition, in an analysis of patients with Ph-negative ALL from France, Belgium and Switzerland, lack of MRD response 6 weeks after induction initiation could identify patients who would benefit most from HSCT. 59 This highlights the importance of early testing if MRD status is to be used to influence treatment decisions. Information from MRD testing could help to target highly effective immunotherapies, as well as therapies that are less well tolerated, such as HSCT, to those at high risk of relapse. In a study of Ph-negative patients from the GRAALL-2003 or -2005 trials, transplant was found to prolong RFS compared with chemotherapy among those who did not achieve an early MRD response, but was no better than chemotherapy in patients who did achieve an early MRD response. 59 Likewise, the PETHEMA ALL-AR03 trial used MRD to guide treatment decisions at the end of consolidation, and found that HSCT could be avoided in patients who reached MRD negativity without adversely affecting their prognosis. 60 Similarly, a study using the Northern Italy Leukemia Group trial protocol 10/07 implemented risk-stratification to define a cohort of patients with an MRD response who could achieve good outcomes with conventional maintenance instead of HSCT after induction therapy. 61 These studies provide evidence that MRD can play a role in sparing patients from the risks associated with transplantation, without negatively affecting survival outcomes. 6 New systemic therapies may offer alternatives to HSCT; for example, a phase II study (published in full since the literature review was conducted) found that blinatumomab could induce a complete MRD response in over three-quarters of patients with MRD-positive ALL in first-line treatment; 62 blinatumomab is now approved for use in patients with MRDpositive ALL in the USA. 63 There is a need to establish the role of MRD testing in guiding treatment in each subgroup of patients with ALL and to determine an evidence-based treatment protocol to optimize patients' outcomes.
Ph-positive and Ph-negative disease differ not just in terms of prognosis, but also in treatment regimens and method of MRD assessment. We analyzed RFS separately for Ph-positive and Ph-negative studies, and the prognostic ability of MRD negativity remained the same regardless of Ph status, with no discernible difference among subgroups. Subdividing the total population according to Ph status led to shrinkage or elimination of certain subgroups, but these results again point to the consistency of effect of MRD negativity across clinically relevant populations. It will be important in future research to further dissect the Ph-like subset of patients (who have a similar gene expression profile to Ph-positive ALL but without the targetable BCR-ABL translocation), given their poor prognosis and persistence of MRD. 64 The question of how sensitive MRD assays need to be remains to be resolved. In a study of patients with untreated Ph-negative B-ALL or T-ALL, MRD levels of 10 −3 or greater were associated with a poor prognosis. 45 In our study, no real differences in the association between MRD level and outcome were seen, regardless of whether the sensitivity threshold was 10 −3 , 10 −4 or 10 −5 . Therefore, the threshold of 10 −4 recommended by ESMO seems appropriate. 6 The studies included in this systematic review and meta-analysis represent a broad range of patient subgroups and treatment regimens. Consequently, the findings should be generalizable across the whole B-ALL population. Nevertheless, these analyses have some limitations. Given the wide range of treatment regimens, follow-up times and methodologies for assessing MRD, the data should be interpreted with caution. Heterogeneity was high (as measured using I 2 ), but this was expected because it reflects the nature of studies included: they were not randomized and included different populations of patients, methods of analysis, follow-up times and study designs. In addition, treatments administered after MRD assessment, particularly HSCT, would be a major confounding factor when assessing the relationship between MRD and survival outcomes. We investigated sources of heterogeneity by using predetermined subgroup analyses of factors that might affect MRD and survival, and by using meta-regression. The subgroup analyses support the overall conclusion that MRD negativity is associated with better survival outcomes than MRD positivity. Heterogeneity remained high after accounting for key variables, indicating that there could be additional factors that affect the relative effect of MRD status on outcomes, which we were unable to account for in this analysis. Furthermore, for some subgroups very few studies were available, and data were sparse, meaning that the reliability of some of the subgroup results was suboptimal.
In some cases, time-to-event data were missing, and hazard ratios were calculated using published methodologies to account for this. 30 However, the meta-regression for RFS indicated that the Tierney method used to calculate hazard ratios was unlikely to influence the magnitude of the effect of MRD negativity.
It would be of interest to study the impact of MRD on bone marrow relapse. Although RFS is a good proxy for relapse, deaths in remission (e.g., following HSCT) may affect the results. This meta-analysis focused on MRD as a risk factor for systemic relapse and did not examine MRD as a predictor of extramedullary relapse or death from other causes, such as transplant-related mortality; therefore, different rates of death across subgroups from causes other than bone marrow relapse could confound the results. The extent of confounding due to HSCT-related mortality is unclear, however, and only two of the studies included in the meta-analysis comprised solely patients who did not undergo HSCT. Overall, the strong relationship observed in our study, and that by Berry et al., 28 highlights the high prognostic value of MRD, despite this confounding factor.
In four studies, it was not possible to separate the B-cell and T-cell populations; however, the majority of patients in these studies had B-ALL (66% to 79%), and there was no difference in the prognostic value of MRD between the B-ALL and mixed studies for either RFS or OS. It should also be noted that our analysis only included two studies in CR2 or later; however, results in this subgroup were consistent with the overall findings.
In conclusion, this systematic review and subsequent meta-analysis have generated support for the use of MRD as a prognostic marker in the management of patients with ALL. Overall, and in all subgroups analyzed, MRD negativity was associated with better survival outcomes than MRD positivity. This finding appeared relatively unaffected by variation in the timing or sensitivity threshold of the MRD assay applied, though other factors -such as the window of opportunity for treatment before relapse -may need to be considered when refining MRD assessment methodology to optimize its value in practice. Detection of MRD offers a promising clinical tool that may help clinicians to harness the potential of emerging targeted therapies for ALL.
